ABSTRACT Chromatin remodeling complexes cooperate to regulate gene promoters and to define chromatin neighborhoods. Here, we identified genetic and functional connections between two silencing-related chromatin factors in the maintenance of native heterochromatic structures and nucleosome composition at promoters. Building on a previously reported link between the histone chaperone Asf1 and the Yaf9 subunit of the SWR1-C chromatin remodeler, we found that ASF1 broadly interacted with genes encoding for SWR1-C subunits. Asf1 and Yaf9 were required for maintaining expression of heterochromatin-proximal genes and they worked cooperatively to prevent repression of telomere-proximal genes by limiting the spread of SIR complexes into nearby regions. Genome-wide Sir2 profiling, however, revealed that the cooperative heterochromatin regulation of Asf1 and SWR1-C occurred only on a subset of yeast telomeres. Extensive analyses demonstrated that formation of aberrant heterochromatin structures in the absence of ASF1 and YAF9 was not causal for the pronounced growth and transcriptional defects in cells lacking both these factors. Instead, genetic and molecular analysis revealed that H3K56 acetylation was required for efficient deposition of H2A.Z at subtelomeric and euchromatic gene promoters, pointing to a role for Asf1-dependent H3K56 acetylation in SWR1-C biology.
T HE fundamental building block of chromatin is a nucleosome composed of 146 bp of DNA wrapped around a histone octamer. Protein complexes involved in post-translational modification of histones, nucleosome movement, or replacement alter chromatin dynamics to regulate various chromosomal processes. Often, these chromatin-modifying processes intersect and interact cooperatively to regulate chromatin structure.
Transcriptionally silent heterochromatin structures are a prime example of the multilayered activities of chromatin modifying complexes. In budding yeast, Saccharomyces cerevisiae, there are three well-defined regions of silent chromatin: the mating loci (HMR and HML), the rDNA locus, and telomeres. These regions are characterized by a distinct set of histone modifications and associated factors that distinguish them from adjacent transcriptionally active euchromatin (Rusche et al. 2003) . Chief among these is the silent information regulator (SIR) complex, which not only constitutes the main structural component during establishment and maintenance of heterochromatin but also harbors an enzymatic function (Rusche et al. 2003) . Specifically, the Sir2 subunit is a NAD+ dependent histone deacetylase (HDAC) that deacetylates H4K16ace, a process critical for promoting initial SIR complex formation at heterochromatin loci as well as for formation of heterochromatin boundaries. The latter is biologically important to prevent antagonistic silencing of neighboring euchromatic genes by encroaching heterochromatic structures (Imai et al. 2000; Rusche et al. 2003) .
Several additional histone modifying enzymes contribute to demarcating the boundary between heterochromatin and euchromatin, including the Something About Silencing 2 (SAS2) complex, the Dot1 histone methyltransferase, and the highly conserved histone variant H2A.Z (Meijsing and Ehrenhofer-Murray 2001; Shia et al. 2006; Osborne et al. 2009; Verzijlbergen et al. 2009; Takahashi et al. 2011) . Similar to the other factors, loss of H2A.Z from the heterochromatineuchromatic boundary results in the spread of SIR complexes to nearby subtelomeric genes and subsequent repression of these genes (Meneghini et al. 2003) . In part, the role of H2A.Z at boundaries is mediated by acetylation of its N-terminal lysine residues, although the magnitude of this effect varies among different studies (Babiarz et al. 2006; Keogh et al. 2006; Millar et al. 2006) .
Like many of the factors sculpting heterochromatin boundaries, H2A.Z also has roles in euchromatic regions. H2A.Z, for instance, is enriched at the majority of gene promoters and often resides in the two nucleosomes flanking the nucleosome free region (NFR) (Raisner et al. 2005) . H2A.Z is more commonly localized to lowly expressed gene promoters and is largely absent from highly expressed genes (Guillemette et al. 2005; Li et al. 2005; Zhang et al. 2005) . Despite these strong correlations, the causal role of H2A.Z for gene expression is more nebulous as genome-wide expression studies found that loss of H2A.Z affects only a minority of genes in yeast (Meneghini et al. 2003) . In recent years, many studies have suggested that rather than affecting steady-state gene expression, H2A.Z may facilitate the induction of genes in response to changing environments (Adam et al. 2001; Larochelle and Gaudreau 2003; Lemieux et al. 2008; Halley et al. 2010) .
H2A.Z is deposited into chromatin by SWR1-C, an ATPasedependent chromatin remodeling complex that recognizes the NFR and exchanges H2A-H2B dimers with H2A.Z-H2B dimers at the two flanking nucleosomes (Krogan et al. 2003; Kobor et al. 2004; Mizuguchi et al. 2004; Ranjan et al. 2013) . Illustrative of the cross-talk between chromatin remodelers, SWR1-C and the NuA4 histone acetyltransferase (HAT) have interconnected activities converging on H2A.Z chromatin neighborhoods. Acetylation of H4 lysine residues by NuA4 promotes the recruitment of SWR1-C for H2A.Z deposition, and subsequent acetylation of newly incorporated H2A.Z by NuA4 is required for gene activation and heterochromatin formation (Babiarz et al. 2006; Durant and Pugh 2007; Altaf et al. 2010; Ranjan et al. 2013) . The interplay between SWR1-C and NuA4 likely involves a module of four subunits that is shared between the two complexes (Lu et al. 2009 ). For instance, at a subset of telomeres, the Yaf9 shared subunit is vital to H2A.Z incorporation, H4 acetylation, and proper telomere-specific gene expression changes (Zhang et al. 2004; Wang et al. 2009 ).
Yaf9 contains an evolutionary conserved YEATS domain, whose closest structural relative in budding yeast is Asf1 (Wang et al. 2009 ). These two proteins share a common essential function, although the nature thereof has yet to be defined. Asf1 plays a number of roles in heterochromatin function, transcription regulation, and cellular response to DNA damage (Sharp et al. 2001; Mousson et al. 2007; Chen et al. 2008; Williams et al. 2008; Lin and Schultz 2011) . Asf1 functions as an antisilencing factor as both its deletion and overexpression have an antagonistic effect on silencing of yeast mating type loci (Le et al. 1997; Singer et al. 1998) . Regulation of silencing by Asf1 occurs through a redundant pathway with chromatin assembly factor 1 (CAF-1) (Sharp et al. 2001; Sutton et al. 2001) . Mechanistically, Asf1 functions as a highly conserved histone chaperone for the H3/H4 heterodimer to mediate nucleosome assembly and disassembly and is required to facilitate the acetylation of lysine 56 on H3 by the HAT, Rtt109 (Recht et al. 2006; Tsubota et al. 2007; Fillingham et al. 2008; Kolonko et al. 2010) . Similar to Asf1, the acetylation state of H3K56 is important for the maintenance of silent chromatin structures at yeast mating loci and telomeres (Xu et al. 2007; Miller et al. 2008; Värv et al. 2010) . Remarkably, Asf1 and SWR1-C are functionally linked as H3K56 acetylated nucleosomes alter the substrate specificity of SWR1-C to cause promiscuous exchange of H2A.Z (Watanabe et al. 2013) .
The functional and genetic linkages between Asf1 and SWR1-C suggest that their cellular roles are closely related. Our works revealed that while Asf1 and SWR1-C had distinct functions for the expression of heterochromatin-proximal genes, they had overlapping roles in H2A.Z deposition. Consistent with locus-specific layers of chromatin modifications at heterochromatin, Asf1 was required for normal expression of HMR-proximal but not telomere-proximal genes, whereas Yaf9 regulated silencing of both HMR-and telomere-proximal genes. Furthermore, we found Asf1 worked cooperatively with Yaf9 at the telomeric heterochromatin boundary to restrict SIR complexes at a subset of telomeres. The growth defect of asf1Dyaf9D cells could not be attributed to defects in maintaining heterochromatin structure. Instead, we established that Asf1-mediated H3K56 acetylation was required to maintain normal levels of H2A.Z at promoters of subtelomeric genes, hinting that Asf1 may regulate subtelomeric gene expression by influencing H2A.Z occupancy at promoters. We also elucidated that acetylation of H3K56 by Asf1 was also required for H2A.Z occupancy at euchromatic promoters, which suggests a broader role for this histone modification in H2A.Z biology.
Materials and Methods

Yeast strains and plasmids
All strains used in this study are listed in Supporting Information, Table S1 . Yeast strains were generated using standard genetic techniques including homologous recombination and genetic crosses followed by tetrad dissection (Ausubel et al. 1987) . Complete deletion of genes and 39 end integration of an in-frame 33 FLAG tag were achieved using onestep gene integration PCR-amplified modules (Gelbart et al. 2001) . Mating of the sir2D strain was achieved with the aid of the URA3 plasmid pRS316[SIR2]; 5-FOA was used as a counterselection agent to evict plasmid following tetrad dissection. Plasmid shuffle experiments were performed using 5-FOA to evict URA3 plasmid pRS316 University) . The pASF1, pasf1 H36A/D37A, and pasf1 H39A/K41A plasmids were generous gifts from Paul Kaufman (University of Massachusetts Medical School). The pasf1 V94R mutant was obtained from Carl Mann (Commissariat a l'Énergie Atomique).
Growth and genotoxic sensitivity assays
Overnight cultures grown in YP dextrose (YPD) were diluted to OD 600 0.5. Cells were 10-fold serially diluted and spotted onto solid YPD plates or plates with 10 mM hydroxyurea. For strains containing TRP1 plasmids, the cultures were grown in SC 2TRP media and serially diluted cells were spotted onto SC 2TRP plates or plates containing 10 mM hydroxyurea. The plates were then incubated at the indicated temperature for 36 hr. The 16°plates were incubated for 96 hr.
RT-qPCR
Overnight cultures were diluted to OD 600 of 0.15 and grown in YPD to an OD 600 of 0.5. Ten OD 600 units were harvested for RNA extraction and purification using a Qiagen RNeasymini kit as per manufacturer protocol. cDNA was synthesized using QuantiTect Reverse Transcription kit (Qiagen). cDNA was analyzed using a Rotor-Gene 6000 (Qiagen) and PerfeCTa SYBR green FastMix (Quanta Biosciences). mRNA levels were normalized to TUB1 mRNA levels. Samples were analyzed in triplicates for three independent RNA preparations. Statistical significance was assessed using Student's t-test. Primer sequences are listed in Table S2 .
Chromatin immunoprecipitation (ChIP)-quantitative real-time PCR and ChIP on chip
ChIP experiments were performed as described previously ). In brief, 250 ml of cells was grown in YP dextrose to an OD 600 of 0.5-0.6 from OD 600 of 0.15 and cross-linked with 1% formaldehyde for 20 min before chromatin was extracted. The chromatin was sonicated (Bioruptor, Diagenode: 10 cycles, 30 s on/off, high setting) to yield an average DNA fragment of 500 bp. A total of 4.2 ml of anti-FLAG antibody (Sigma) was coupled to 60 ml of protein A magnetic beads (Invitrogen). After reversal of the cross-linking and DNA purification, the immunoprecipitated and input DNA were analyzed by quantitative real-time PCR (qPCR). Samples were analyzed in triplicate for three independent ChIP experiments. Statistical significance was assessed using Student's t-test. Primer sequences are listed in Table S2 . For microarray analysis, after reversal of cross-linking and DNA purification, the DNA was amplified with two rounds of T7 RNA polymerase amplification and hybridized to Affymetrix 1.0R S. cerevisiae tiling microarray. A modified version of the model-based analysis of tiling arrays (MAT) algorithm was used to reliable detect Sir2 occupancy across the genome. The data were normalized using both input DNA and a mock IP control.
Results
ASF1 genetically interacted with genes encoding for subunits of SWR1-C
Yeast lacking both ASF1 and YAF9 have an exacerbated growth defect compared to cells with a single deletion of either gene, suggesting these genes share a redundant function (Figure 1) (Wang et al. 2009) . Given that YAF9 is required for H2A.Z deposition by SWR1-C, we asked if the synthetically sick phenotype of asf1Dyaf9D double mutants broadly reflected defects in SWR1-C function. We characterized genetic interactions between ASF1 and genes that encode all unique subunits of SWR1-C. Under unperturbed growth conditions, loss of ASF1 resulted in synthetic sick genetic interactions with genes encoding eight SWR1-C subunits (Figure 1 ). The growth fitness of the double mutants was further reduced when cells were grown at 16°or in conditions that induce DNA replication stress (HU). The decrease in fitness of all double mutants under stressed conditions was generally comparable to asf1Dyaf9D double mutants, although nuanced differences were present (Figure 1 ). Although ASF1 showed strong synthetic interaction with the entire SWR1-C complex, a similar pattern and severity of genetic interactions was not observed with members of the NuA4 complex (data not shown). Taken together, the genetic data suggested that the synthetic lethality between ASF1 and YAF9 primarily reflected Yaf9's function within SWR1-C, and that SWR1-C in its entirety had an important functional relationship with the Asf1 histone chaperone.
ASF1 and YAF9 were required for maintaining heterochromatin-proximal gene expression
To further examine the interplay between Asf1 and Yaf9, we dissected their roles at heterochromatin boundaries, focusing on the well-characterized subtelomeric region encompassing the right telomere of chromosome III and the HMR locus. NuA4 does not acetylate H4 at Chr III R, which allowed us to assay SWR1-C-specific activities of Yaf9 (Zhang et al. 2004) . A unique aspect of this 35-kb region of DNA is that it encompasses three distinct heterochromatin boundaries: two located on either side of the HMR and one at the telomere heterochromatin boundary ( Figure 2A ). By RT-qPCR, we quantified expression levels of endogenous genes to interrogate native silencing defects, circumventing issues associated with embedded reporter genes such as URA3. Consistent with previous work, gene expression at all loci tested was significantly reduced in yaf9D strains ( Figure 2B ) (Zhang et al. 2004) . Surprisingly, the effect of ASF1 in this 35-kb region differed, depending on the gene's proximity to either the HMR or the telomere. Loss of ASF1 led to reduced expression of genes flanking the HMR, while ASF1 was dispensable for proper expression of subtelomeric genes ( Figure 2B ). Based both on proximity to the HMR/ telomere and differential expression patterns in asf1D cells, we classified YCR094W, YCR095C, and GIT1 as HMR-influenced genes and YCR099C, YCR100C, and RDS1 as telomereinfluenced genes. Interestingly, changes in transcript levels in the asf1D yaf9D double mutant did not reflect the genetic interaction phenotype. mRNA levels of the three genes flanking the HMR in the asf1D yaf9D double mutant were comparable to either of the single mutants alone, whereas mRNA levels of YCR099C, YCR100C, and RDS1 in the double mutant were reduced to the same level as the yaf9D mutant ( Figure 2B ).
We then asked whether repression of HMR-influenced genes in asf1D cells was due to the spread of SIR complexes beyond the HMR locus. We examined Sir2 levels via ChIPqPCR in 1.5-kb increments on either side of the HMR locus and outside of the Chr III R telomeric region ( Figure 2A ). Sir2 levels were enriched at the HMR locus and depleted at all other sites tested in wild-type cells as expected ( Figure  2C ). In agreement with previous studies, loss of YAF9 led to Sir2 spreading into regions previously devoid of SIR complexes, with the highest levels of Sir2 occupancy occurring on both sides flanking the HMR ( Figure 2C ) (Meneghini et al. 2003) . Even though cells lacking ASF1 exhibited reduced transcriptional activity of HMR-adjacent genes, significant enrichment of Sir2 was not observed more than 1.5 kb away from the HMR nor at the subtelomeric regions ( Figure  2 , C and D). In particular, the promoters of YCR094W, YCR095C, and GIT1 were not enriched for Sir2 in asf1D cells ( Figure 2C ). Strikingly, while yaf9D cells showed significant increases in Sir2 levels at the subtelomeric regions, asf1D yaf9D cells exhibited dramatic Sir2 spreading immediately adjacent to the telomere (Figure 2, C and D) . These data suggested that Asf1 works cooperatively with SWR1-C to regulate SIR occupancy adjacent to the telomere. The increase in local concentrations of Sir2 was not reflected in gene expression levels since mRNA levels of telomereassociated genes in asf1D yaf9D double mutants were similar to yaf9D single mutants.
Cooperative regulation of SIR occupancy by Asf1 and Yaf9 was telomere specific
To ascertain how Asf1 and Yaf9 regulate Sir2 positioning, we characterized genome-wide Sir2 occupancy by ChIP on chip in the mutant strains. We focused our analysis on telomere-proximal regions 30 kb away from the chromosomal ends. In accordance with our ChIP-qPCR analysis of Chr III R, Sir2 occupancy was restricted to the HMR and to the region immediately adjacent to the telomere in wild-type and asf1D cells, whereas in both the yaf9D strain and the double mutant, Sir2 spread beyond the normal heterochromatic regions ( Figure 3A ). We also demonstrated that over the 17-kb region between the telomere and HMR, the genome-wide ChIP analysis recapitulated the dramatic increase in Sir2 levels when ASF1 was deleted in a yaf9D background. Across all chromosomal ends, the loss of ASF1 did not significantly alter Sir2 occupancy, although the loss of YAF9 led to an increase in Sir2 occupancy at subtelomeres ( Figure S1 and Figure S2 ). Interestingly, the principles derived from Chr III R appeared to not be limited to this unique region. We found similar patterns on three more chromosomal ends where both Asf1 and Yaf9 were required to restrict the spread of Sir2 ( Figure 3B ). Conversely, the patterns of Sir2 occupancy on the remaining 28 telomere ends were highly comparable between the yaf9D and the asf1D yaf9D mutants ( Figure S1 and Figure  S2 ). We also noted that Asf1 was important for regulating Sir2 occupancy over the highly conserved Y9 element, which is present in the majority of yeast telomeres. Loss of YAF9 led to minimal changes to Sir2 occupancy within the Y9 element but the combined deletion of ASF1 and YAF9 led to a synergistic increase in Sir2 occupancy over the telomere element ( Figure 3C ). The highly repetitive nature of telomeric DNA makes it difficult to verify whether our observed trend holds true for all Y9 elements.
Asf1 and SWR1-C affected heterochromatin-proximal gene expression through different mechanisms
We next tested whether Sir2 accumulation caused gene expression changes across the right arm of chromosome III by measuring mRNA levels in cells lacking SIR2. To test whether Yaf9's role at the Chr III R telomere was indeed linked to its function in SWR1-C as our previous experiments suggested, we included strains lacking SWR1, the catalytic subunit of SWR1-C. Not surprisingly, strains lacking YAF9 or SWR1 had very similar expression profiles at the Chr III R region, suggesting that the decreased mRNA levels of these genes resulted from reduced SWR1-C activity ( Figure   4, A and B) . The combined analysis of gene expression in double and triple mutants highlighted distinct functions and causal interdependencies in this region. First, loss of SIR2 restored expression levels of all six genes in yaf9D and Loss of YAF9 led to the repression of all heterochromatin-proximal genes tested. mRNA levels of the indicated genes in wild type, asf1D, yaf9D, and asf1D yaf9D strains represented by black, light gray, dark gray, and white bars, respectively. mRNA levels for all genes were normalized to levels of TUB1 mRNA. (C) Sir2 spread beyond the telomere and HMR in yaf9D and asf1D yaf9D strains. yaf9D exhibited a small but significant increase in Sir2 levels at regions previously devoid of Sir2. asf1D yaf9D showed a synergistic increase in Sir2 levels immediately adjacent to the telomere that spread up to 15 kb away. Sir2 levels were normalized to the level for the PRP8 ORF. (B-D) Error bars represent standard error of values of three biological replicates. *P-value ,0.10; **P-value ,0.05 when compared with the wild-type strain using a two-tailed Student t-test.
swr1D cells (Figure 4, A and B) . In agreement with our Sir2 ChIP results, loss of SIR2 did not restore mRNA levels of HMR-flanking genes in asf1D cells, indicating that repression of these genes was not mediated by the spread of Sir2 into adjacent euchromatin ( Figure 4C ). Second, deletion of SIR2 in asf1D yaf9D and asf1D swr1D strains restored the mRNA levels of the genes between the HMR and telomere, but not those flanking the left side of the HMR (Figure 4, D and E) . Both YCR094W and YCR095C, which depended on Asf1 for expression, remained repressed even when SIR2 was deleted (Figure 4, D and E) . Unlike the other two HMR-flanking genes, the expression of GIT1 was restored to at least wildtype levels in both asf1D yaf9Dsir2D and asf1D swr1Dsir2D (Figure 4 D and E) . YCR099C and YCR100C exhibited higher than wild-type levels of mRNA in the asf1D swr1D sir2D triple mutant ( Figure 4E ). Together, these data suggested that in the absence of a functional SWR1-C, SIR complexes spread into nearby euchromatic regions, whereas asf1D-dependent repression of HMR-flanking genes was not due to SIR activity.
Dysregulation of heterochromatin boundaries in asf1D yaf9D mutant was not the underlying cause of the severe growth defects
The complex relationship between Sir2 localization and gene expression described above raised the possibility that the growth phenotypes of asf1D yaf9D was a reflection of additional cellular processes. We therefore expected that aberrant SIR chromatin structures, caused by the simultaneous loss of ASF1 and YAF9, did not contribute to the pronounced growth defects. Indeed, loss of SIR2 did not suppress the synergistic genetic interaction between ASF1 and YAF9, indicating that the growth defect was due to other functions of Asf1 and SWR1-C ( Figure 5A ).
To gain a better mechanistic understanding of the genetic interaction between ASF1 and YAF9, we focused on Asf1's role in nucleosome assembly at heterochromatin by using two asf1 alleles (H36A/D37A and H39A/K41A) that exhibit reduced silencing at telomeres when CAF-1 is mutated (Sharp et al. 2001; Daganzo et al. 2003) . Plasmids containing the asf1 alleles were transformed into strains lacking both ASF1 and a gene encoding for the CAC2 subunit of CAF-1. As expected, asf1H36A/D37A and asf1H39A/K41A mutants alone did not exhibit a significant growth defect ( Figure  5B ) (Daganzo et al. 2003) . Strains lacking CAC2 with an asf1 allele showed slight growth defects compared to wildtype strains ( Figure 5B ). Consistent with previous work, the asf1H39A/K41A allele exhibited a stronger phenotype than asf1H36A/D37A ( Figure 5B ). cac2D yaf9D asf1H36A/D37A and cac2D yaf9D asf1H39A/K41A strains, however, did not demonstrate a strong synergistic interaction ( Figure 5B ). Our genetic data therefore revealed that the synergistic genetic interaction between ASF1 and YAF9 was not due to Asf1's functions in various aspects of heterochromatin biology.
The synergistic genetic interaction between ASF1 and YAF9 was mediated via Rtt109-dependent H3K56 acetylation
To test if Asf1's ability to act as a global chaperone in nucleosome assembly was important for its genetic interaction with YAF9, we used the well-characterized asf1V94R mutant to assay whether a complete loss of histone H3/H4 binding can replicate the synergistic interaction between ASF1 and YAF9 (Mousson et al. 2005) . We found that similar to asf1Dyaf9D, asf1V94Ryaf9D grew much slower at 16°and showed increased sensitivity to a low concentration of hydroxyurea, implicating Asf1 and H3 interaction in this pathway ( Figure 6A ). Since the physical association between Asf1 and H3 is important to mediate the acetylation of lysine 56 on H3 by Rtt109, we subsequently tested whether RTT109 also displayed a genetic interaction with YAF9 and genes encoding for other subunits of SWR1-C. As previously seen in the asf1Dyaf9D double mutants, RTT109 displayed a synthetic genetic interaction with YAF9. Furthermore, the growth fitness of all double mutants was significantly compromised compared to their respective single mutants under stress-induced conditions ( Figure 6B ).
To confirm if the genetic interaction we observed was mediated via acetylation of H3K56, we took advantage of existing H3K56 alleles containing a point mutation at lysine 56 to either glutamine or arginine, mimicking a constitutively hyperacetylated lysine or constitutively hypoacetylated lysine, respectively (Miller et al. 2008) . In agreement with published data, the yaf9DH3K56R strain had significantly reduced growth fitness compared to either of the single mutants alone, while the yaf9DH3K56Q strain did not display a strong growth defect ( Figure 6C ) (Wang et al. 2009 ). Furthermore, similar experiments testing for H3K9 acetylation, which is also mediated by Rtt109, revealed that the genetic interaction was specific to Asf1's role in H3K56 acetylation and not Rtt109-mediated H3K9 acetylation ( Figure S3 ). These results indicated that the genetic interaction between ASF1 and YAF9 was a result of failure to acetylate H3K56 in an Asf1/Rtt109-dependent manner.
Asf1 and H3K56 acetylation promoted H2A.Z occupancy at subtelomeric gene promoters We again utilized our six genes of interest to explore the genetic connection between H3K56 acetylation and SWR1-C in more detail, since all but YCR099 have robust H2A.Z promoter occupancy. Because we previously demonstrated that H3K56ace-containing promoters preferentially lose H2A.Z in a yaf9 hypomorph, we next addressed whether H3K56 acetylation and Asf1 are involved in H2A.Z occupancy at gene promoters (Wang et al. 2009 ). We used ChIP-qPCR to assay H2A.Z localization at the promoters of heterochromatin-proximal genes in strains that contain either asf1D or the H3K56R nonacetylable mutation. H2A.Z was enriched to varying degrees at the promoters of all genes we examined and as expected, a loss of YAF9 led to a total depletion of H2A.Z at each promoter ( Figure 7A ). Remarkably, deletion of ASF1 resulted in a significant decrease in H2A.Z levels across all promoters tested; this result demonstrated that Asf1 enhanced H2A.Z deposition but was not required ( Figure 7A ). Next, we asked if the reduction of H2A.Z at subtelomeric gene promoters seen in asf1D cells was due to a loss of H3K56ace. We found that H2A.Z enrichment in the H3K56R mutant was reduced to levels similar to those of asf1D, suggesting that Asf1-mediated H3K56 acetylation promoted H2A.Z localization at the promoters of heterochromatinproximal genes ( Figure 7B ).
Since our genetic data suggested that the relationship between Asf1 and H2A.Z was not exclusive to the heterochromatic region, we extended the analysis to include euchromatic promoters that are H2A.Z enriched. We selected six genes from either previously published primer sets or genome-wide H2A.Z ChIP data sets. As expected, H2A.Z was highly enriched at the promoter of these genes in wild-type cells (Figure 7, C and D) . Analogous to the effects at heterochromatic gene promoters, loss of ASF1 also led to a reduction in H2A.Z levels at all six genes we assayed (Figure 7C) . Furthermore, H2A.Z levels were also significantly reduced in the H3K56R mutant, suggesting that the acetylation of H3K56 by Asf1 is important for H2A.Z occupancy at euchromatic gene promoters ( Figure 7D ).
Discussion
We have teased apart the region-specific and global interactions between Asf1 and SWR1-C, particularly its Yaf9 subunit, and expanded upon the established linkages between Figure 4 Asf1 regulated HMR-proximal gene expression in a Sir2-independent manner. mRNA levels of heterochromatic genes in the indicated strains were carried out in parallel. mRNA levels were determined by qRT-PCR and normalized to TUB1. Data shown are the average of three independent experiments. Error bars represent standard error of values of the three biological replicates. *P-value ,0.10; **P-value ,0.05 when compared with the wild-type strain using a two-tailed student t-test. (A) Deletion of SIR2 rescued all expression defects observed in yaf9D strains. mRNA levels of wild type (black), yaf9D (light gray), sir2D (dark gray), and yaf9D sir2D (white) strains. (B) Expression profile of tested genes in cells lacking SWR1 resembled those lacking YAF9. Loss of SIR2 in swr1D background also rescued the expression of all tested genes to wild-type levels. mRNA levels of wild type (black), swr1D (light gray), sir2D (dark gray), and swr1D sir2D (white) strains. (C) Loss of SIR2 in strains lacking ASF1 was unable to rescue the repression of HMRflanking genes. mRNA levels of wild type (black), swr1D (light gray), asf1D (dark gray), and asf1D sir2D (white) strains. (D) Loss of SIR2 in an asf1D yaf9D background was able to rescue all Yaf9-specific transcriptional defects but not Asf1-specific defects around the HMR. mRNA levels of wild type (black), asf1D (light gray), yaf9D (dark gray), asf1D yaf9D (white), and asf1D yaf9D sir2D (medium gray) strains. (E) Similarly, deletion of SIR2 rescued gene expression of subtelomeric genes to wild-type levels in asf1D swr1D strains, but not the HMR-flanking genes. mRNA levels of wild-type (black), asf1D (light gray), swr1D (dark gray), asf1D swr1D (white), and asf1D swr1D sir2D (medium gray) strains.
them. First, we identified region-specific changes in gene expression in the absence of either Asf1 or Yaf9 within a 35-kb region on the right telomere of chromosome III. Whereas loss of SWR1-C function resulted in repression of heterochromatin-proximal genes as a result of Sir2 spread, loss of Asf1 led to repression of only HMR-proximal genes in a Sir2-independent manner. Nevertheless, we found that Asf1 cooperated with Yaf9 to modulate the telomereheterochromatin boundary of Chr III R to prevent the spread of SIR complexes into the subtelomeric region. This interaction was recapitulated at three additional telomere ends upon genome-wide analysis of Sir2 occupancy. In agreement with these effects likely being region specific, genetic analysis revealed that global loss of SIR2 did not rescue the growth defect in asf1D yaf9D double mutants. Next, we demonstrated that a strong synergistic genetic interaction existed between genes encoding for SWR1-C and factors in the H3K56 acetylation pathway. Loss of H3K56 acetylation, either by the deletion of the Asf1 histone chaperone or mutation of the K56 residue, diminished H2A.Z levels at the promoters of subtelomeric and euchromatic genes.
Maintaining of euchromatin-heterochromatin boundaries requires the concerted activities of chromatin remodeling complexes. RT-qPCR analysis of genes adjacent to the right telomere of Chr III showed that SWR1-C, but not Asf1, regulated this heterochromatin boundary. After careful dissection of how Asf1 and Yaf9 function in restricting Sir2 spread around the HMR and the Chr III R subtelomeric region, however, we found that the connection between Asf1 and SWR1-C was more complex. Repression of telomere-proximal genes in yaf9D cells was due to the loss of a functional heterochromatin boundary, which resulted in a spread of SIR complexes over nearby genes. On the other hand, loss of ASF1 alone did not affect the function of the heterochromatin boundary, as evidenced by the lack of Sir2 spread in asf1D cells and normal expression levels of subtelomeric genes. We demonstrated by ChIP-qPCR and by ChIP on chip that combined loss of ASF1 and YAF9 led to increased spread of Sir2 and elevated levels of Sir2, suggesting that Yaf9 and Asf1 cooperated to restrict the spread of SIR proteins into nearby subtelomeres. Despite the dramatic enhancement of Sir2 occupancy over the subtelomeric region, mRNA levels of the three telomere-proximal genes we examined were reduced to the same level in the asf1D yaf9D double mutant as compared to the yaf9D single mutant. It has been suggested that SIR complexes function in a dosage-dependent manner in a reporter gene assay when SIR3 and SIR4 are overexpressed (Strahl-Bolsinger et al. 1997) . However, our combined occupancy and expression approach at Chr III R supported a threshold effect for SIR-dependent silencing. Specifically, the presence of Sir2 over the locus, regardless of whether it constitutes a twofold increase of Sir2 occupancy in yaf9D or up to fivefold increase of Sir2 occupancy in asf1D yaf9D, led to the same level of gene repression of subtelomeric genes. Our genome-wide analysis of Sir2 occupancy patterns also demonstrated that the functional connection between Asf1 and Figure 5 Silencing defects were not causal for essential shared function of ASF1 and YAF9. (A) Deletion of SIR2 did not suppress the growth defects observed in asf1D yaf9D and asf1D swr1D strains. Ten-fold serial dilution of strains were plated and incubated at the indicated condition. (B) Heterochromatin-specific nucleosome assembly mutants of ASF1 did not genetically interact with YAF9. Ten-fold serial dilutions of indicated strains carrying pASF1, pasf1 H36A/D37A, or pasf1H39A/K41A were plated on SC 2TRP media and incubated for 2-3 days at the indicated conditions. SWR1-C was telomere specific. Altogether, our findings showed that SWR1-C and Asf1 act cooperatively at a subset of telomere-proximal ends to limit the spread of SIR complexes onto nearby subtelomeric regions and that the SIR complex mediated silencing through a threshold mechanism.
The HMR is unique in that the silent cassette is flanked by silencers that initiate the formation of silenced chromatin (Guillemette et al. 2005) . H2A.Z protects genes on either sides of the HMR from SIR-mediated silencing and loss of the histone variant leads to repression of the nearby genes (Meneghini et al. 2003; Li et al. 2005; Babiarz et al. 2006) . Consistent with this, we found that deletion of YAF9 and SWR1 led to decreased transcript levels of HMR-proximal genes. Furthermore, asf1D and asf1D yaf9D cells also exhibited the same level of transcriptional defects, suggesting that SWR1-C and Asf1 regulate gene expression in the same pathway. Further analysis, however, revealed that repression of YCR094, YCR095, and GIT1 in SWR1-C mutants resulted from a defective heterochromatin boundary and Asf1-dependent expression defects were not a result of Sir2 spreading. The lack of correlation between SIR occupancy and changes in gene expression indicated that the silencing of HMR-proximal genes in asf1D cells was due to another mechanism. Moreover, the persistence of a transcriptional defect in asf1D yaf9D sir2D and asf1D swr1D sir2D triple mutants further supported that decreased mRNA levels of YCR094 and YCR095 resulted from an Asf1-specific transcriptional defect that was not linked to either Sir2 or H2A.Z-dependent boundary activity. Therefore, even though loss of ASF1 and YAF9 both led to gene repression around the HMR, Asf1 and SWR1-C mediated these effects through distinct mechanisms.
In addition to region-specific effects, we also systematically characterized the genetic interaction profiles of ASF1 and RTT109 with all nonessential genes encoding for subunits of the SWR1-C complex. We found that all SWR1-C-encoding genes displayed a synthetically sick genetic interaction with ASF1 and RTT109 in an H3K56 acetylation-dependent manner. Given the severity of the genetic interaction, our data suggest that the functional relationship between H3K56 acetylation and SWR1-C goes beyond their interaction at heterochromatin. To add to our current understanding of SWR1-C-mediated H2A.Z deposition, we demonstrated that the level of chromatin-associated H2A.Z was also dependent on the histone chaperone Asf1. Deletion of ASF1 or introduction of an unacetylable allele of H3K56 (H3K56R) resulted in an intermediate reduction in H2A.Z levels at promoters of heterochromatin-proximal and euchromatic genes. Not surprisingly, changes in H2A.Z levels in cells lacking ASF1 were not correlated to changes in the expression of these lowly expressed genes. We speculate based on our data that Asf1 might directly influence the deposition of H2A.Z through an H3K56ace-dependent pathway. Reduced H2A.Z occupancy in the H3K56R mutant suggests that acetylation promotes H2A.Z deposition. Alternatively, it is possible that H2A.Z-containing nucleosomes are more stable when H3K56 is also acetylated within the same nucleosome. While our study focused on specific heterochromatin-proximal and euchromatic loci, a recent publication demonstrated that a constitutively acetylated H3K56Q mutant promotes removal of the H2A.Z/H2B heterodimer by SWR1-C across the yeast genome (Watanabe et al. 2013) . Hence, it remains to be seen whether our locus-specific effects of H3K56 acetylationdependent H2A.Z deposition extends into all genomic regions similar to H3K56Q. Moreover, further studies are required to elucidate how both the absence and the presence of this histone modification can lead to loss of H2A.Z at promoters. Asf1 and H3K56 acetylation promoted H2A.Z occupancy at subtelomeric and euchromatic gene promoters. H2A.Z occupancy at promoters of indicated genes was measured by ChIP-qPCR using the anti-FLAG antibody (Sigma). H2A.Z enrichment was normalized to the reference gene PRP8. Error bars represent standard error of three biological replicates. *P-value ,0.10; **P-value ,0.05 when compared with the wild-type strain using a two-tailed student t-test. 
